Abstract. An attempt to detect the positronium Lyman a-radiation at 2430 i is reported. Positrons from an intense 64Cu source (20 Ci) were stopped in high purity A, Ne, and He at pressures ranging from 0.01 to 3.0 atm. Light from the stopping region was collected by a large solid-angle light pipe and directed to a photomultiplier. Spectra were obtained by inserting a series of optical interference filters in front of the photomultiplier. Identical spectra were obtained with an intense electron emitter replacing the 64Cu source. These results indicate that any Lyman a-radiation present at the photomultiplier is masked by a large background continuum associated with gas excitation processes. The data were employed to set an upper limit of I in 2000 on those positrons stopping in the gas which result in Lyman a-radiation.
particles that interact via the electromagnetic field. The absence of strongly interacting particles allows for an exceptionally clean test of quantum electrodynamics and the two-body relativistic (Bethe-Saltpeter) equation. Indeed, the good agreement between theoretical' and experimental2-4 values for the hyperfine splitting of the gound state of positronium provides one of the most satisfying tests of these theories. A new, and in many ways different, test would be given by precise measurements of the fine structure and radiative shifts of the excited state energy levels. Accurate calculations have long been available5 6 and involve many aspects of the electron-positron interaction absent from the ground-state hyperfine splitting. This paper reports an attempt to produce and detect positronium atoms in the first excited state as an initial study prior to attempting microwave spectroscopy in the state.
While in many respects the positronium atom is similar to a hydrogen atom with reduced mass equal to half the electron mass, a unique difference arises from the fact that the electron and positron can annihilate each other, with the emission of two or three y-rays depending on the spin alignments. For S states, the singlet and triplet annihilation lifetimes have been shown to be7 Taing = 1.25 X 10-10 n3sec, Ttrip = 1.4 X 10-7 n3sec, where n is the principal quantum number. However, the annihilation rate depends sensitively on the overlap of the electron and positron wavefunctions; this overlap can result in fairly long lifetimes against annihilation in excited P states. Alekseev8' I has determined that the annihilation lifetime T2P is longer than 10-4 sec. The semiclassical radiation theory indicates a lifetime of only 3.2 X 10-9 sec against optical decay from the 2P states. Hence, atoms formed in these states should decay to the iS states with the emission of 2430 A Lyman a-quanta before annihilating.
It is well known that if energetic positrons are stopped in a gas, a large fraction will in general capture an electron to form ground-state positronium before annihilating.'0 Although reasonable estimates" indicate that excited-state formation is less likely, there is no known fundamental restriction against such a process. Two groups', 13 have reported negative experimental searches for the Lyman a-spectral line from 2P atoms formed in this fashion. These workers employed high-resolution grating monochrometers with small solid angles to scan the frequencies of ultraviolet light emanating from the stopping regions. The present experiment represents an attempt to improve upon the earlier work by combining a detection apparatus having an extremely large solid angle with very intense sources of positrons, in the hope that the improved statistics might reveal the spectral line.
Materials and Methods. A schematic diagram of the apparatus is given in Figure  1 . The vacuum chamber, which was constructed from an aluminum alloy, was evacuated by means of an oil diffusion pump with a liquid nitrogen trap. After evacuation, the system could be back-filled to pressures up to several atmospheres.
Positrons from a 20 Ci "4Cu source (peak energy of 0.66 MeV) were stopped in He, Ne, or A of high purity. The interaction region was defined by a section (1 ft long) of S-band waveguide which had been polished internally on three sides and then flashed with aluminum to provide a mirror for the ultraviolet light. The fourth side was replaced with a highly transparent gauze to allow for optical detection.
Considerable difficulty was caused by the large number of annihilation y-rays coming from the interaction region. These y-rays produced background pulses in the photomultiplier which were indistinguishable from the desired ultraviolet light counts. The background was reduced to a tolerable size with the aid of a suitable arrangement for LIGHT Results and Discussion. Spectra obtained with the apparatus described above are shown in Figures 2 to 4 . As can be seen, a more intensive effort was VOL. 66, 1970 PHYSICS: M. LEVEIV1IAL 9 made with argon than with helium or neon. This was motivated largely by argon's historical role and the fact that argon is more efficient at stopping positrons and thus gave more meaningful data at lower pressures. In general, sufficient time was spent obtaining each data point to reduce the statistical uncertainty to a few per cent, a running time of about 5 min per point being typical. The data were corrected for filter transmission, photomultiplier quantum efficiency, and background -y-rays before they were plotted. The data point at 2433 A was repeated at the beginning and the end of a run to insure that time drifts were insignificant. After obtaining the spectra presented above, we realized that an unequivocal association of a spectral feature with the excited states of positronium was not possible. Consequently, for the purpose of clarification, a second set of spectra was obtained, with an electron emitter (5 Ci of '70Tm) replacing the positron source. Since the gas excitation processes are expected to be similar for highenergy electrons and positrons, differences between the two spectra might unambiguously be associated with positronium. Data obtained with the thulium source are presented in Figures 5 to 7 .
It is evident that there was no significant difference between positron and electron spectra. This forces the conclusion that either no appreciable amount of positronium was formed in the excited state or that inelastic collision processes resulting in radiationless de-excitation or dissociation occurred with a greater probability than optical decay. The calculations of Massey and Mohr" indicate that capture into the excited states should occur with reasonably large cross sections.
However, it has been reported"4 that ground state formation leaves the positronium atom with an average kinetic energy of about 2 eV (the ionization po-PROC. N. A. S. tential from the first excited state is 1.7 eV). Thus, it is felt that the latter of the two possibilities is the more likely. The mean free time between dissociative collisions may be written as
where N is the density of gas atoms, O.D is the cross section for dissociation, and v is the positronium velocity. Employing the aveuage ground-state value for v and assuming a geometric value of UD = 10-16 cm2, we find a value of 6.5 X 10-12 sec for TD at a pressure of 1 atm. Since the radiative lifetime is 3.2 X 10-9 sec, we would expect only about 1 in 500 of the 2P state atoms to decay optically at this pressure. Only argon data were obtained at low pressures where optical decay might dominate, but the work of Celitans and Green'5 indicates that only a small fraction of the positrons would have been stopped in our interaction region.
Finally, it is possible to use the observed spectra to set an upper limit on the fraction of positrons stopping in the gas which results in Lyman a-radiation. (Positronium formation becomes likely only after the positron energy has been reduced to the order of tens of eV. 10) The anticipated Lyman a-counting rate C may be written as a product of seven factors,
where I is the source intensity, Q is the fraction of positrons entering the interaction region, f is the probability that a positron entering the interaction region is stopped in the gas, a is the fraction of stopped positrons that results in Lyman a-radiation, -q is the efficiency of the light-collection system, T is the filter transmission, and QE is the photomultiplier quantum efficiency. Six of these quantities may be estimated and are as follows: I = 1.6 X 1.6 X 1011 positrons/sec, Q = 15%,f = 50% for A at 1 atm., -o =10%, T = 11%,QE = 8.5%, andC = 6000 counts/sec background at 2430 A at 1 atm. of A. We believe that the Lyman a-spectral line would have been detected if the counting rate were equal to the observed background at 2430 A. Thus, an upper limit on a is determined. Employing the data obtained at 1 atm., we find that for argon, neon, and helium a < 0.05%.
